Background {#Sec1}
==========

One of the major costs of group-living is its inherent risk of pathogen infection for group members \[[@CR1]-[@CR3]\]. While solitary species can only use personal immune responses to fight against infections, group-living species also possess the unique capability of mounting collective immune defenses, a phenomenon called social immunity \[[@CR2],[@CR4]\]. Over the last two decades, a growing number of studies showed that multiple forms of social immunity can be expressed in species with permanent and obligatory social life, such as eusocial insects (reviewed in \[[@CR2]\]). These studies were of great interest for the development of research on social immunity in insects, because they demonstrated that the high risks of pathogen infection associated with obligatory and complex forms of social life were likely to select for the emergence of collective defenses against pathogens \[[@CR2],[@CR4]\]. However, they were of limited relevance to understand whether social immunity only emerged in eusocial systems and therefore represents a secondary trait derived from eusociality, or whether it also occurs in less derived forms of group-living and thus possibly plays a central role in the early evolution of group living organisms \[[@CR2],[@CR4]\].

One method to address this issue is to investigate the occurrence of social immunity in species with temporary and facultative group-living. This is the case of species with family life, which represents a common form of group-living in insects \[[@CR5],[@CR6]\], can be temporary and facultative such as in precocial species \[[@CR7],[@CR8]\] and is generally considered as a major step in the evolutionary route to eusocial systems \[[@CR6],[@CR9]\]. In insects, family life is broadly associated with the expression of care to the eggs and/or juveniles, such as protection against predators, clutch displacement and food provisioning \[[@CR5],[@CR10]\]. Family life may also include forms of social immunity before egg hatching. For instance, parents groom their eggs to prevent the development of fungal spores in the European earwig *Forficula auricularia* \[[@CR11]\], apply bacteria with antifungal properties to brood cell prior to oviposition in the European beewolf *Philanthus triangulum* \[[@CR12]\], coat their nest with antimicrobial secretions in the housefly *Musca domestica* \[[@CR13]\] or prophylactically avoid nest sites with high microbial pressure in the burying beetle *Nicrophorus vespilloides* \[[@CR14]\]. Although pre-hatching forms of social immunity have been well studied in insects, surprisingly little is known about the nature and occurrence of the post-hatching ones (see e.g. in vertebrates \[[@CR15],[@CR16]\]). Only recent studies showed that parental anal exudates and larval secretions exhibit antimicrobial properties in the burying beetles \[[@CR17]-[@CR19]\]. In this species, however, larvae feed on the carcass serving as nesting habitat, so that these antimicrobial mechanisms could also reflect evolutionary responses to competition with microbes over food access and/or to the extraordinarily high microbial pressure in this specific habitat.

In this study, we investigated whether social immunity occurs in the form of the production of feces with antimicrobial activity in the European earwig *F. auricularia*, an insect with temporary and facultative family life. In this species, mothers provide care to their offspring in soil burrows for several months, during which all family members - once hatched - line ground and walls with their feces pellets \[[@CR8],[@CR20]-[@CR23]\]. Earwig maternal care can take multiple forms, such as egg and juveniles (called nymphs) attendance and food provisioning through regurgitation, which have been shown to enhance offspring fitness \[[@CR8],[@CR11],[@CR24],[@CR25]\]. Nevertheless, nymph survival does not require maternal care, as nymphs are mobile at hatching and can forage for themselves \[[@CR8],[@CR26]\]. Here, we first tested whether (1) earwig feces provides a form of social immunity by inhibiting the development of bacteria and fungus into the nest, and determined whether these effects were independent of the consumed food and nesting material. We then investigated whether (2) antimicrobial activity was stronger in maternal compared to nymphal feces, as expected under the assumption that it reflects a post-hatching form of maternal care. Finally, we tested whether (3) the antimicrobial activity of feces is a socially-mediated trait that is triggered or inhibited by experiencing mother-offspring interactions \[[@CR17]\]. If antimicrobial properties are induced by mother-offspring interactions, we predict that the feces produced by isolated individuals show lower antimicrobial activities. Conversely, we predict higher antimicrobial activities in feces produced by the isolated individuals if the costs of producing antimicrobial agents in the feces entail a mother-offspring conflict, in which each party tries to reduce its own investment into the production of antimicrobial components while benefiting from that of the other.

Methods {#Sec2}
=======

Insect rearing and feces collection {#Sec3}
-----------------------------------

We collected feces pellets in 17 *F. auricularia* families composed of one mother and 36.11 ± 15.8 (mean ± SD) nymphs. These mothers were the first laboratory-born generation of individuals field sampled in 2012 in Dolcedo, Italy, and then maintained under standard laboratory conditions (rearing details in \[[@CR27]\]). To determine whether the occurrence of mother-offspring interactions influences the antimicrobial properties of maternal and nymphal feces, the 17 families were randomly distributed among two groups at egg hatching. In the first group, we experimentally prevented mother-offspring interactions by separating mothers from their clutch of nymphs one day after egg hatching (Isolation group, n = 10). By contrast, mothers in the second group were separated from their nymphs ten days after egg hatching (Family group, n = 7). These separations were done by transferring the mother and the clutch of nymphs to two new petri dishes. At day 10, mothers and groups of nymphs from family groups were separated and transferred into two new petri dishes, in which they were maintained until feces collection at day 13 (first developmental instars). This manipulation was also done on the individuals from the isolation groups to standardize the experimental process. The transfer and three day delay between separation and feces collection ensured that the collected feces was relatively fresh and in large enough quantity to conduct the radial diffusion assays.

Individuals received *ad libitum* standardized food (for food composition, see \[[@CR27]\]) from day 1 to day 9, and *ad libitum* green-colored pollen (Hochland Bio-Blütenpollen by Hoyer; Food die by DEKO BACK) from day 10 to day 12. Under these conditions, orphaning does not affect nymph quality in terms of developmental time and survival rate (Koch LK and Meunier J, unpublished data). The use of colored pollen is common in earwig experiments (e.g. \[[@CR21],[@CR25],[@CR28]\]) and was used here to disentangle feces pellets from sand grains in the rearing containers. At day 13, all (colored) feces pellets present in each petri dish were collected using a sterile 10 μl pipette tip. For each petri dish, the total amount of collected pellets was weighed to the nearest 0.1 μg (Pescale), then suspended in 500 μl sterile NaCl solution (0.9%) and finally stored at 4°C. This feces solution was used 2.6 ± 1.5 days (mean ± SD) later to conduct the radial diffusion assays (see below). All petri dishes (diameters 10 and 5 cm before and after separation, respectively) contained humid sand as substrate and a plastic shelter as a nest. They were maintained in a climate chamber at 60% humidity, constant 20°C and 10:14 h light/dark cycle during the course of the experiment.

Radial diffusion assays {#Sec4}
-----------------------

We tested the antimicrobial properties of maternal and nymphal feces using a total of 170 radial diffusion assays against two GRAM+ bacteria, one GRAM- bacteria, and two fungi species (see details below). Radial diffusion assays were conducted in petri dishes (diameter 10 cm) filled with PDA (Potato Dextrose Agar, 70139, SIGMA-ALDRICH) covered with a solution of 10^9^ bacteria or spores/ml. Four samples were tested per plate. To this end, each fourth of a PDA plate received a blank disc (antimicrobial susceptibility test discs, OXOID) in its center, on which 10 μl of feces solution was preliminary applied. The same process was used to conduct a total of 245 controls (49 per microbial species), in which we tested whether growth inhibition could result from the NaCl solution used to dilute the feces (n = 15/species), the food eaten by the tested individuals (10 mg of colored pollen pellets suspended in 1 ml NaCl solution, n = 15/species; 240 mg of standardized food source suspended in 1 ml NaCl solution, n = 4/species) or the sand on which feces has been released (50 mg of sand suspended in 1 ml NaCl solution; n = 15/species). After inoculation, each plate was incubated at 36°C/24 h for bacteria and at 20°C/48 h or 20°C/72 h for the fungus (for *Saccharomyces cerevisiae* and *Aspergillus niger*, respectively). At the end of the incubation, the zone of clearance (diameter from one edge of the zone of inhibition to the other) was measured three times per sample and then averaged to give one mean value called antimicrobial activity.

The radial diffusion assays were conducted against five microbial species covering a spectrum of groups that have the capability to grow into earwig burrows. First, we used *Staphylococcus aureus* (NCIMB 9518), which is a GRAM+ bacteria known to secrete a range of enzymes and toxins associated with several diseases in vertebrates and invertebrates \[[@CR29]\]. Second, *Bacillus subtilis* (ATCC 6633) is another GRAM+ bacteria, which is a facultative pathogen commonly found in the soil \[[@CR29]\]. Third, *Escherichia coli* (ATCC 25922) is a GRAM- bacteria typically found in the intestinal tracts of mammals and insects \[[@CR29]\]. Fourth, *Saccharomyces cerevisiae* (ATCC 2601) is a fungus known to cause lethal infections in invertebrates \[[@CR29]\]. Finally, *Aspergillus niger* (wild type strain) is a fungus growing on rotten plant material that can be an opportunistic pathogen \[[@CR29]\].

Statistical analyses {#Sec5}
--------------------

We first tested the effect of feces producer (mother or nymphs), family life (isolation or family group) and their interaction on the log-transformed amount of feces produced between day 10 and 13 (i.e. the amount of diluted feces) using a linear model. Because inhibition zones do not follow normal distributions and include a substantial number of zeros across the radial diffusion assays (see results), the significance of the effects of feces producer and family life on antimicrobial activity were then tested using a series of randomized analysis of variance (randomized ANOVA; \[[@CR30]\]). This non-parametric method allows estimating the significance of a factor (i.e. calculate p-values) by running a series of 10'000 ANOVA, in which the response variable (i.e. antimicrobial activity or antimicrobial activity per mg of feces) is permuted across the explanatory factors (i.e. feces producer and family life). Finally, we conducted pairwise comparisons between the antimicrobial activities of the controls (pooled) and the ones of the maternal or the nymphal feces using Mann--Whitney rank tests, in which the significance level α = 0.05 was adjusted for multiple testing to α = 0.025 using Bonferonni correction. All statistical analyses were conducted using the software R v3.1.1 (<http://www.r-project.org>). The R script to conduct randomized ANOVA is available on demand.

Results {#Sec6}
=======

Each mother produced on average 13.06 ± 2.34 mg (mean ± SE) of feces between day 10 and day 13. This quantity was smaller than the 180.63 ± 18.88 mg of feces produced by the clutch of nymphs during the same period of time (Likelihood Ratio (LR) χ^2^~1~ = 252.72, P \< 0.0001). The total amount of feces produced over three days was independent of family isolation (LR χ^2^~1~ = 0.97, P = 0.324), or of an interaction between family isolation and feces producer (LR χ^2^~1~ = 1.12, P = 0.290).

Inhibition zones were found in 25 (73.5%) assays against *B. subtilis*, 10 (29.4%) against *S. aureus*, 19 (55.9%) against *S. cerevisiae*, 17 (50.0%) against *A. niger*, but none (0.0%) against *E. coli.* Maternal feces inhibited the growth of at least one microbial species in 13 (76.5%) of the 17 tested families, while nymphal feces had inhibition effects in every sample from the 17 (100%) families. None of the controls (NaCl, pollen, standardized food and sand) showed antimicrobial activity in any of the 245 assays (Figure [1](#Fig1){ref-type="fig"}).Figure 1**Antimicrobial activities of controls (C), maternal (M, grey) and nymphal (N, white) feces.** Controls combine assays with NaCl, Pollen, Food and Sand. Boxplots depict median (bold bar) and interquartile range (light bar), with outlying values (circles) and whiskers extending to 1.5 times the interquartile range. Different letters indicate P \< 0.005.

The antimicrobial activity of maternal and nymphal feces produced over three days depended on the feces producer and the microbial species, but not on the occurrence of mother-offspring interactions (Table [1](#Tab1){ref-type="table"}a, Figure [1](#Fig1){ref-type="fig"}). Specifically, antimicrobial activities against *A. niger and S. cerevisae* were lower in maternal compared to nymphal feces, whereas antimicrobial activities against *B. subtilis* and *S. aureus* were independent of feces producer (Table [1](#Tab1){ref-type="table"}a). Except against *E. coli*, each type of feces showed higher antimicrobial activity than the controls (Table [2](#Tab2){ref-type="table"}, Figure [1](#Fig1){ref-type="fig"}). The general antibacterial activity of nymphal feces against *S. aureus* was mostly driven by three points in the data set (Figure [1](#Fig1){ref-type="fig"}). If these three points were excluded, the resulting mean antibacterial activity of nymphal feces against *S. aureus* would become null and thus smaller than the one of maternal feces (Mann--Whitney test, W = 168, p = 0.008) and similar to the controls (Figure [1](#Fig1){ref-type="fig"}).Table 1**Influences of feces producer and mother-offspring interactions on antimicrobial activities (a) per full sample and (b) per mg of feces*B. subtilis**S. aureus**A. niger**S. cerevisiae****(a) Activity per full feces sample*Feces producer (FP)P = 0.440P = 0.098**P = 0.005P \<0.0001**Mother-offspring interactions (MO)P = 0.808P = 0.104P = 0.342P = 0.051FP : MOP = 0.553P = 0.934P = 0.068P = 0.215*(b) Activity per mg of feces*Feces producer (FP)**P \<0.0001P = 0.008**P = 0.095P = 0.080Mother-offspring interactions (MO)P = 0.813P = 0.575P = 0.052P = 0.078FP : MOP = 0.812P = 0.731**P = 0.037**P = 0.089Feces producers were either the mother or the nymphs. P-values were obtained from randomized ANOVAs and the significant ones are in bold.Table 2**Comparisons between inhibition zones generated by the controls and the total amount of either maternal or nymphal feces*B. subtilis**S. aureus**A. niger**S. cerevisiae**W**P**W**P**W**P**W**P***Maternal feces686**\<0.0001**588**\<0.0001**539**\<0.0001**539**\<0.0001**Nymphal feces759.5**\<0.0001**490**0.0028**710.5**\<0.0001**759.5**\<0.0001**Statistical values were obtained from Mann--Whitney tests. Significant P-values are in bold. All p-values remain significant after correcting for multiple testing.

In line with the prediction that antifungal components are more concentrated in maternal than nymphal feces, we found that the antimicrobial activities per mg of feces against *B. subtilis and S. aureus* were larger in maternal compared to nymphal feces (Table [1](#Tab1){ref-type="table"}b, Figure [2](#Fig2){ref-type="fig"}). By contrast, feces producer did not influence such activity against *S. cerevisae* (Table [1](#Tab1){ref-type="table"}b, Figure [2](#Fig2){ref-type="fig"}). Overall, the occurrence of mother-offspring interactions did not shape the antimicrobial activities per mg of feces against *B. subtilis*, *S. aureus* and *S. cerevisae* (Table [1](#Tab1){ref-type="table"}b, Figure [2](#Fig2){ref-type="fig"}). However, it interacted with feces producer to shape the antimicrobial activity per mg of feces against *A. niger* (Table [1](#Tab1){ref-type="table"}b, Figure [2](#Fig2){ref-type="fig"}). Specifically, the presence of mother-offspring interactions canceled the antimicrobial activity of maternal feces (Mann--Whitney rank test; W = 52.5, P = 0.040) but had no effect on the one of nymphal feces (Figure [2](#Fig2){ref-type="fig"}, W = 38, P = 0.807). Note that this interaction was only marginally non-significant when analyzing the overall antimicrobial activity of maternal feces produced over three days (Table [1](#Tab1){ref-type="table"}a).Figure 2**Antimicrobial activities per mg of maternal (M, grey) and nymphal (N, white) feces.** When reported, feces producers were either maintained in family groups (Gp) or isolated (Iso) before feces collection. Boxplots depict median (bold bar) and interquartile range (light bar), with outlying values (circles) and whiskers extending to 1.5 times the interquartile range. \*\*\*P \< 0.001; \*P \< 0.05; ^ns^P \> 0.05.

There was no family effect on the antimicrobial activities of nymphal and maternal feces (Table [3](#Tab3){ref-type="table"}). Across microbial species, antimicrobial activities were comparable (present or absent) between maternal and nymphal feces in 51.4% of the families, a value that was not significantly different from a random distribution (Binomial test against 50%, P = 0.904). Note that the four microbial species (excluding *E. coli*) did not influence the proportion of families with comparable antimicrobial activities between maternal and nymphal feces (i.e. both present plus both absent *versus* present in only one type; Pearson's Chi-squares test, *χ*^2^ = 3.0, df = 3, P = 0.391).Table 3**Expression of feces antimicrobial activity per familyAntimicrobial activity in*B. subtilis**S. aureus**A. niger**S. cerevisiae**E. coli*Maternal fecesNymphal feces**YesYes82350NoNo093317YesNo35200NoYes61990For each of the five microbial species, we reported the number of family in which an antimicrobial activity was found in both maternal and nymphal feces, in none of them or in either maternal or nymphal feces.

Discussion {#Sec7}
==========

Gaining a better understanding of the evolution of the multiple forms of group-living requires insights into the mechanisms that help individuals to limit the inherent risk of infection. Here, we demonstrate that lining nests with feces inhibits microbial development in the European earwig. Specifically, earwig feces showed antimicrobial activities against two GRAM+ bacteria (*B. subtilis* and *S. aureus*) and two fungi (*A. niger* and *S. cerevisiae*). These antimicrobial properties are likely to provide immune benefits to earwig family members, as many microbial entomopathogens have the capability to grow under the underground conditions provided by insect nests (e.g. \[[@CR1],[@CR31]\]), several of them are known to frequently attack earwig nests \[[@CR32]-[@CR35]\], and a recent study showed that even the development of non-entomopathogenic fungus into the nest comes with detrimental effects on earwig fitness \[[@CR11]\]. Together with the fact that earwig nymphs produce more feces when encountering related compared to unrelated conspecific juveniles \[[@CR21]\], these results thus support that feces production at least partly reflects a kin-triggered form of social immunity.

The maintenance of feces in the nest is a poorly studied phenomenon in eusocial insects \[[@CR36],[@CR37]\], in which colony members are generally assumed to evacuate feces into specific nest chambers to prevent microbial development in the colony (reviewed in \[[@CR2],[@CR38]\]). This phenomenon has nevertheless been reported in two non-eusocial insects exclusively feeding on their nesting material, the wood cockroach *Cryptocercus punctulatus* and the burying beetle *N. vespilloides* \[[@CR14],[@CR19],[@CR39]\], for which the use of anal exudates (and their antimicrobial activity) into the nest has been proposed to have at least partially evolved to limit competition with microbes over food access \[[@CR19],[@CR40]\].

Our study shows that the total amount of feces produced by mothers over three days did not exhibit higher antimicrobial activities than the one produced by nymphs, revealing that feces antimicrobial activity is not a simple form of post-hatching maternal care. Instead, we show that nymphs contributed more to antifungal nest protection than mothers, mostly due to their overall larger production of feces (each mg of nymphal feces exhibited similar antifungal activity than each mg of maternal feces). This higher feces production also allowed nymphs to compensate for the lower intrinsic antibacterial activity of their feces (activity per mg of feces) against GRAM+ bacteria, thus exhibiting an overall antimicrobial activity comparable to the one of maternal feces. This age-specific effect on the antimicrobial activity per mg of feces suggests differences in composition between nymphal and maternal feces. Feces compositions could differ in terms of quantity and/or quality of residual compounds of their personal immunity, which are known to be present in the feces and to become stronger with aging in other insect species \[[@CR41]-[@CR45]\]. Another discrepancy in feces composition could result from differing hindgut flora of mothers and nymphs. The insects gut includes a great variety of symbiotic microorganisms that are crucial for growth and protection against infections \[[@CR46]-[@CR48]\], but that also change with aging \[[@CR43],[@CR49],[@CR50]\]. Finally, nymphal and maternal feces could vary in terms of chemical products released during defecation. For instance, earwigs possess a pygidial gland on their abdomen that releases chemicals with antimicrobial properties \[[@CR51]\]. Disentangling among these three non-mutually exclusive hypotheses will be addressed in further studies by investigating the presence of immune components and antimicrobial chemicals inside the feces, as well as by characterizing earwig gut flora.

We found that the antimicrobial activity of maternal feces depended on preliminary interactions with their nymphs. Specifically, family interactions inhibited the antimicrobial activity of maternal feces against *S. cerevisiae*, whereas they had no effect on the one of nymphal feces. This latter result contrasts with the one found in the burying beetle *N. vespilloides*, in which the absence of tending parents lowered the level of antibacterial activity in larvae exudates \[[@CR17]\]. In earwigs, our result first reveals that the presence and/or quantity of the compounds mediating the antimicrobial activity of maternal feces against *S. cerevisiae* are socially-dependent. More generally, it suggests that mothers can adapt their investment into such a form of social immunity to the investment expressed by their nymphs. Assuming that investment into social immunity is energetically costly (see e.g. \[[@CR52]\]), such maternal strategy could be adaptive and allow mothers to re-allocate their energy into other important life-history traits, such as forms of care and future reproduction \[[@CR8],[@CR27]\]. Nevertheless, the effect of family life on feces antimicrobial activities was absent with the four other tested microbial species, indicating that the compounds mediating this activity are fixed during the period of family life. These compounds do not come from the environment, as there was no antimicrobial activity in the food consumed by the individuals and in the sand covering the rearing containers.

A somewhat surprising result of our study was the large number of feces samples with no antimicrobial activity. These negative assays are unlikely to reflect a problem in our methodology, as radial diffusion assay is a standard procedure that has been commonly used to test antimicrobial activities in other insect species (e.g. \[[@CR18],[@CR36]\]). They are also unlikely to reflect that feces antimicrobial activity is a family-trait only expressed in a limited number of families, since we showed that the occurrence (or absence) of feces antimicrobial activities was not necessarily the same between nymphs and mothers from the same family. Conversely, our result could reflect a form of specificity in the immune responses mediated by the feces, which is in line with the fact that almost every feces sample inhibited the growth of at least one of the tested microbes. Another explanation could be that feces producers need some cues to switch on antimicrobial activity in their feces. These cues are unlikely to come from our standardized rearing environment, but might reflect that some field sampled mothers have been naturally exposed to pathogens prior sampling, and that such exposure affected the immunity of their own descendants through transgenerational immune priming \[[@CR53]\]. However, the occurrence of transgenerational immune priming remains to be tested in *F. auricularia*.

Although earwig feces showed antimicrobial activity against the two tested GRAM+ bacteria, this activity was absent against the GRAM- bacteria *E. coli*. This lack of activity against *E. coli* has been reported in the antimicrobial secretions of other insect, such as the burying beetle *N. vespilloides* \[[@CR18]\]. It may reflect either (1) higher physiological costs of mounting antimicrobial protection against GRAM- bacteria \[[@CR41]\], (2) low selection pressure to mount defenses against GRAM- bacteria, e.g. because they are not present in their natural habitat or are important symbiotic organisms in the gut flora (but see \[[@CR49]\]), or (3) specific resistance of the tested bacterial strain against the antimicrobial compounds present in earwig feces. Further studies should address this issue.

Conclusion {#Sec8}
==========

Overall, we demonstrate that social immunity in the form of lining nest with antimicrobial compounds can emerge and persist in species with primitive forms of group-living. Mounting collective defenses against microbial development could therefore be a widespread phenomenon across social systems and an important one in the early evolution of social life, as it does not require that individuals live in permanent and obligatory groups, and/or that group members compete with microbes for access to nest material as a food source. Interestingly, these results also emphasize that defecation does not only reflect individual needs of waste disposal, but can be under selection for its importance in other crucial life-history traits \[[@CR19],[@CR38],[@CR39]\].

Availability of supporting data {#Sec9}
===============================

The data set supporting the results of this article is available in the DRYAD repository, http://doi:10.5061/dryad.9p31r \[[@CR54]\].
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